In a companion paper (H. A. Nguyen et al., Antimicrob. Agents Chemother. 53:1434-1442, 2009), we showed that vancomycin, oxacillin, fusidic acid, clindamycin, linezolid, and daptomycin are poorly active against the intracellular form of a thymidine-dependent small-colony variant (SCV) strain isolated from a cystic fibrosis patient and that the activity of quinupristin-dalfopristin, moxifloxacin, rifampin, and oritavancin remains limited (2-to 3-log CFU reduction) compared to their extracellular activity. Antibiotic combination is a well-known strategy to improve antibacterial activity, which was examined here against an intracellular SCV strain using combinations with either rifampin or oritavancin. Time-kill curve analysis using either concentrations that caused a static effect for each antibiotic individually or concentrations corresponding to the maximum concentration in human serum showed largely divergent effects that were favorable when antibiotics were combined with rifampin at low concentrations only and with oritavancin at both low and high concentrations. The nature of the interaction between rifampin, oritavancin, and moxifloxacin was further examined using the fractional maximal effect method, which allows categorization of the effects of combinations when dose-effect relationships are not linear. Rifampin and oritavancin were synergistic at all concentration ratios investigated. Oritavancin and moxifloxacin were also synergistic but at high oritavancin concentrations only. Rifampin and moxifloxacin were additive. This approach may help in better assessing and improving the activity of antibiotics against intracellular SCV strains.
Small-colony variant (SCV) strains of Staphylococcus aureus are notoriously difficult to eradicate with most commonly used antistaphylococcal agents (30) . Failures favor both selection and acquisition of antibiotic resistance because SCV strains are hypermutators (8) . In the companion paper (21) , we compared the intracellular activity of a series of 13 antibiotics against a methicillin-susceptible thymidinedependent SCV strain isolated from a cystic fibrosis (CF) patient. We showed that most of these antibiotics are poorly active, with only moxifloxacin, rifampin, and oritavancin able to decrease the intracellular inoculum to less than 1% of the initial value.
Antibiotic combination is a well-known strategy both to prevent the emergence of resistant organisms and to increase activity against extracellular organisms thanks to additive, and even sometimes synergistic, effects between coadministered drugs (12, 23) . Available data suggest that combining antibiotics can improve intracellular activity against both normal and SCV phenotypes of S. aureus strains (2) (3) (4) . These studies, however, used only a limited number of antibiotics and fixed concentrations, making it difficult to appreciate the exact nature of interactions between combined drugs. We therefore undertook to reexamine this issue by including a series of commonly used antibiotics. These were combined with either rifampin, systematically used in most combinations (24) , or with oritavancin, a lipoglycopeptide with marked bactericidal activity toward S. aureus (22, 26) ; oritavancin is currently in late clinical development (9) , and it was one of the most effective drugs in our model (21) . In the present study, antibiotic combinations were first tested at two fixed concentrations selected to provide meaningful microbiological and pharmacodynamic information. The most promising combinations were then tested using the fractional maximal effect (FME) approach (10, 16) , a method that allows analysis of the effects of combinations when dose-effect relationships are not linear (21) and that uses calculated rather than arbitrarily chosen concentration ratios. The study demonstrates that the combination of rifampin and oritavancin allows nearly complete eradication of an intracellular SCV strain, and it calls for a systematic assessment of antibiotic combinations in difficult-to-treat infections caused by these variants of S. aureus.
MATERIALS AND METHODS
Bacterial strain, intracellular infection, antibiotics, determination of intracellular activity, and statistical analyses. All methods, except those specifically related to the antibiotic combinations described in this paper, were as described in the companion paper (21) . In brief, experiments were conducted with a stable, thymidine-dependent, fully susceptible SCV strain of methicillin-susceptible S. aureus isolated from a chronically infected CF patient and used to infect THP-1 macrophages. Intracellular infection was performed as described previously (5) , except that the number of CFU was determined after a 48-h incubation of cell lysate on brain heart infusion agar. Intracellular activity (E) was defined as the decrease in the number of CFU recorded at a given time after phagocytosis and addition of antibiotic(s) at specified concentration(s) in comparison with the postphagocytosis inoculum and is expressed in log 10 units. A contribution from extracellular bacteria liberated from lysed macrophages in these counts can be ruled out for the following reasons: (i) extracellular bacteria were eliminated by a washing step at the end of the incubation; (ii) cultures were maintained with antibiotics at concentrations exceeding their MICs, preventing extracellular growth; and (iii) no major loss of macrophage viability was observed as assessed by the measure of the release of lactate dehydrogenase and by the maintenance or even an increase in cell protein (suggestive of cell stasis or growth over the incubation period).
These E values are negative because they pertain to decreases in bacterial counts; a greater activity is therefore associated with a more negative E value. Since this is rather counterintuitive, we will use the absolute values of E when comparing activities throughout this paper. (Note however that the tables in both this paper and the companion paper show actual values and not absolute values.)
Assessment of the effect of antibiotic combinations. Two successive approaches were followed. In the first instance, antibiotics were combined as follows: (i) at their respective static concentrations (i.e., the extracellular concentration causing no apparent change in the intracellular CFU count compared to the postphagocytosis inoculum [C s ], as obtained from previous dose dependence experiments with each antibiotic [see Table 1 in this paper for values and  Table 2 in reference 21 for pharmacological descriptions of concentration-effect relationships]) and (ii) at an extracellular concentration corresponding to the maximal serum concentration (total drug) observed in patients after administration of conventional doses of the corresponding antibiotic to humans ([C max ]see Table 2 in this paper for individual values and Table 1 in reference 21 for references). To check that the increases in activity seen when antibiotics are combined at their C max values were not due to a carryover effect upon plating of cell lysates containing high intracellular concentrations of antibiotics, we compared bacterial counts from cultures exposed to cell lysates incubated for 24 h with antibiotics at their C max values; samples were then either left untreated or treated with an equal volume of 25 mg/ml activated charcoal suspension (6) . No difference was seen between samples treated with charcoal or left untreated or between samples exposed to cell lysates challenged by antibiotics or to unchallenged lysates, ruling out that any carryover effect could take place under our experimental conditions. In a second instance, selected combinations were examined in detail using the FME approach (10, 16) . In the present study, all measurements were made after a 24-h incubation, and the decrease in the intracellular bacterial counts (E) was used as the end point. The E max , i.e., the maximum decrease in the inoculum, was extrapolated from Hill's function for an infinitely large antibiotic concentration after a 24-h incubation (in log decrease CFU at 24 h; values are 1.72 for rifampin, 1.32 for moxifloxacin, and 0.43 and 3.13 for oritavancin, where the two successive values reflect a bimodal effect [see Table 2 in reference 21]); the E max was taken as the activity level corresponding to an FME of 1 (all E max values used in the present study correspond to bacterial counts that are above the limit of detection). The concentrations of each antibiotic expected to yield an FME of 0.1, 0.3, 0.5, 0.7, or 0.9 (C xp ) when given alone were then calculated using equation 1:
where EC 50 is the extracellular antibiotic concentration (mg/liter) causing a reduction of the inoculum to halfway between the number of CFU extrapolated for an infinitely low antibiotic concentration (E min ) and E max in 24 h (EC 50 values, in mg/liter, are 0.02 for rifampin, 0.3 for moxifloxacin, and 0.6 and 19 for the two successive parts of the regressive function fitted to the oritavancin data [converted in mg/liter from EC 50 values expressed in multiples of the MIC as shown in Table 1 of the companion paper]). The validity of the model was tested by running experiments at each of these concentrations and comparing the observed values of FME (FME obs ; defined as E/E max ) to the expected FME (FME xp ). To assess the effect of combining two antibiotics, antibiotic A was added at five increasing concentrations (C xpA ) expected to yield FMEs of 0.1, 0.3, 0.5, 0.7 and 0.9, whereas antibiotic B was added at concentrations (C xpB ) expected to provide the complement (0.9, 0.7, 0.5, 0.3, and 0.1), so that the expected total (FME xp(AϩB) ) should always be equal to 1. The level of intracellular activity expected for an additive effect (E xp additive ) of antibiotics A and B was then calculated using Katzper's formula (10), shown as equation 2:
and compared to the measured level of activity (E) to calculate the actual FME (FME obs(AϩB) ) of the combination using equation 3:
Values of FME obs(AϩB) were then plotted as a function of the concentration ratios of the two drugs expected to give an FME of 1 (from 0.1/0.9 to 0.9/0.1), together with the values of the FME obs of each antibiotic alone using its actual concentration. In these graphs, a synergistic effect will yield an ordinate value of Ͼ1, an additive effect yields a value of 1, an indifferent effect yields a value Ͻ1 but higher than the values of the of FME obs of the corresponding antibiotics alone, and an antagonistic effect has a value of Ͻ1 and below the FME obs of the corresponding antibiotic alone (10) .
RESULTS
Combinations at fixed concentrations. In a first approach, antibiotics were combined at two fixed, arbitrarily chosen concentrations, namely, their static concentrations (C s ) or at a concentration corresponding to their respective C max (total drug). The results are first illustrated in Fig. 1 for studies examining the changes in the intracellular bacterial counts over time for rifampin and oritavancin taken as typical examples of a combination yielding a beneficial effect compared to what was obtained with each of these antibiotics alone. Based on the experiments made with the static concentrations of each drug (Fig. 1) , the benefit of the combination clearly appears as a decrease in the number of CFU of about 1.2 logs at 5 or 24 h compared to no change for each antibiotic used alone (the model did not allow us to examine longer exposure times because of an overwhelming growth of extracellular bacteria after 24 h as a result of the low antibiotic concentrations used). The benefit of the combination was also evident when the two antibiotics were used at extracellular concentrations corresponding to their respective C max values (Fig. 1) . Of note is that the combination of rifampin and oritavancin decreased the 72-h CFU count to the limit of detection (4.5 logs), an effect that, so far, has never been seen in our model for an antibiotic given alone, regardless of its concentration and the strain examined (5, 21) . Table 1 summarizes the results obtained with all antibiotics examined in the present study, comparing their activities when they are used alone or in combination with rifampin or oritavancin with their activities when they are used at their static concentrations (the corresponding kill curves are shown in the left panels of Fig. SP1 in the supplemental material). The addition of rifampin was clearly beneficial for every antibiotic tested, with the greatest reductions in bacterial counts observed with oxacillin, moxifloxacin, gentamicin, and oritavancin (ranked from smaller to greater effects) at 24 h (and also for fusidic acid but only at 5 h). The addition of oritavancin was also beneficial, but the gain in activity was lower at 24 h than observed in combinations involving rifampin, with differences between antibiotics that were either modest or statistically nonsignificant, except for the combination oritavancin-rifampin. Table 2 shows the results obtained for antibiotics combined at concentrations mimicking the human C max (total drug) and for postphagocytosis incubation times of 24 and 72 h (the corresponding kill curves are shown in the right panels of Fig.  SP1 in the supplemental material). All combinations with rifampin led to a degree of intracellular killing similar to that obtained with rifampin at 24 h (1-and 1.5-log CFU decrease from the postphagocytosis inoculum) except for quinupristindalfopristin and, to a larger extent, for oritavancin, with which a greater degree of intracellular activity was obtained. Similar observations were made at 5 h, in the sense that the reduction in bacterial counts was of the same order of magnitude (about 1 log) for rifampin or oritavancin alone or in combination with the other antibiotics (see Figure SP1 in supplemental material). At 72 h, slightly less activity compared to rifampin alone was observed for most drugs, but this difference reached 1 log or more for fusidic acid, clindamycin, and linezolid. Notably, the combination with oritavancin was the only one to show higher activity than rifampin alone, reaching the limit of detection (Ϫ4.5 logs). When we then examined the combinations with oritavancin, we observed a higher activity for rifampin, gentamicin, moxifloxacin, and quinupristin-dalfopristin, with the increase in activity compared to oritavancin alone reaching for these four drugs ϳ0.2 log at 5 h (see Figure SP1 in the supplemental material), ϳ 0.5 log at 24 h, and at least 1 log at 72 h, respectively.
The next series of experiments aimed at further characterizing the nature of the interaction within combinations. To this effect, we used the FME method (10, 16) , focusing on the combinations between rifampin, oritavancin, and moxifloxacin Maximal effects used for calculating concentrations were a 1.72-log and 1.32-log CFU decrease for rifampin and moxifloxacin, respectively (21) . As studies with oritavancin alone revealed a bimodal dose-effect relationship (21), we considered for this case two E max values (at 0.43-and 3.13-log reduction), corresponding to the two successive plateaus observed in these experiments. We first validated the approach by examining to what extent the observed values of FME (FME obs ) were linearly correlated with the concentration of these antibiotics when tested alone. This is shown in Fig. 2 with an overall correlation coefficient (R 2 ) of 0.80 for all four conditions (oritavancin using E max values corresponding to low and high concentrations; moxifloxacin; and rifampin) and a slope of 1.10 Ϯ 0.13 between the observed and expected FME values. The antibiotics were then combined two by two, and the resulting FME values of the combinations are shown in Fig. 3 . The combination of rifampin with oritavancin was synergistic at all concentrations tested when examining the range of oritavancin concentrations corresponding to the first plateau of activity when tested alone (up to about 5 mg/liter). This combination maintained a synergistic effect at higher oritavancin concentrations (in the range of 8 to 45 mg/liter, with rifampin varying from 0.04 to 0.007 mg/liter) but became additive above and below these values. The combination of moxifloxacin with oritavancin was indifferent for the lowest oritavancin concentrations investigated (FME of Ͻ1 but above the curve of the drugs alone) but became additive (FME close to 1) at higher concentrations, with a synergistic effect (FME of Ͼ1) when moxifloxacin and oritavancin were used at a 0.3/19 mg/liter concentration ratio. Combining moxifloxacin with rifampin showed essentially an additive effect (FME was close to 1 over the whole range of concentrations ratios investigated).
DISCUSSION
The present study contributes to ongoing systematic efforts at defining conditions that are likely to improve the therapeutic outcome of intracellular infections due to SCV strains by means of antibiotic combinations (2, 3) . The model used in this work is derived directly from the model that we used previously to establish key pharmacological properties of antistaphylococcal antibiotics against intracellular S. aureus with normal-phenotype and SCV strains, using a well-controlled environment and minimizing interferences by host-related factors (5, 21) .
The first key observation made here is that the combination of either rifampin or oritavancin with a series of commonly FIG. 2 . Correlation between observed and expected FMEs of four antibiotics toward intracellular SCVs when used alone. Antibiotics were added at concentrations calculated to yield FME values of 0.1, 0.3, 0.5, 0.7, and 0.9, and the actual FME calculated based on the observed activities at 24 h was compared to the maximal activities as determined in dose-dependence experiments [E max values of Ϫ1.72 log CFU for rifampin and Ϫ1.32 log CFU for moxifloxacin; for oritavancin, two successive E max values of Ϫ0.43 log CFU at low (L) and Ϫ3.13 log CFU at high (H) concentrations were considered based on the observation of a bimodal concentration-effect relationship (see Table 2 in reference 21)]. a Human C max corresponds to total drug. See Table 1 in the companion paper for references (21) . b Values in bold highlight activities that are significantly higher, and values in italics highlight those that are significantly lower than the activity of rifampin or oritavancin alone, as determined by analysis of variance with Dunnett's posthoc test (P Ͻ 0.05). NA, not applicable; ND, not done. FIG. 3 . FME plots of antibiotics against intracellular SCV. In each graph, the abscissa shows the concentrations of antibiotics tested, indicated above the graphs, either alone or in combination and expressed as follows: (i) the five expected FME values examined for antibiotics alone (0.1 to 0.9 or 0.9 to 0.1) and the ratios of the expected FME values contributed by each antibiotic (from 0.1/0.9 to 0.9/0.1) for antibiotic combinations; and (ii) the corresponding concentrations (in mg/liter) used. The ordinate shows the value of the observed FME for each antibiotic alone (open symbols) or for the combination [FME obs(AϩB) ; shown as closed symbols in A and B and as stars in C]. Values of FME obs(AϩB) that are Ͼ1 denote a synergistic effect; values equal to 1 indicate an additive effect; values of Ͻ1 but higher than FME of the antibiotics alone (FME obs A or FME obsB ) indicate an indifferent effect (a value of Ͻ1 and below FME obsA or FME obsB would indicate an antagonistic effect, which was not observed here) (10) . For oritavancin, two ranges of concentrations were examined based on the observation of a bimodal concentration-effect relationship with two successive E max values of Ϫ0.43 log CFU at low (L) and Ϫ3.13 log CFU at high (H) concentrations (see Table 2 in reference 21).
VOL. 53, 2009 EFFECT OF COMBINED ANTIBIOTICS ON S. AUREUS SCVs 1447
by Francoise Van Bambeke on March 20, 2009 aac.asm.org used antistaphylococcal agents may produce largely divergent effects, based on the following observations: (i) globally favorable effects were observed with rifampin at low concentrations only (and its activity was partly diminished when combined with the same antibiotics at high concentrations); and (ii) oritavancin produced favorable effects at both low and high concentrations. A survey of the adjunctive use of rifampin for the treatment of S. aureus infections suggests antagonism or indifference with ␤-lactams, fluoroquinolones, linezolid, or daptomycin; positive or negative effects, depending on the model, for vancomycin, fusidic acid, or clindamycin; and synergy only for quinupristin-dalfopristin (24) . These conclusions are largely supported in our model as well, except that we did not observe a marked advantage when we combined rifampin with quinupristin-dalfopristin. Our results also show that the concentrations at which these effects are measured were critical and that favorable effects with rifampin may only clearly appear when the drug is used at suboptimal concentrations. Our observation that the combination of oritavancin with other antistaphylococcal drugs is systematically favorable is in line with observations made with S. aureus strains with various resistance phenotypes when they are exposed to combinations of oritavancin with gentamicin, vancomycin, or rifampin (6, 7, 18) . A second key observation is that the combination of rifampin with oritavancin was markedly and almost always synergistic, with a global effect suggesting that near eradication of an intracellular SCV strain could be obtained. If confirmed in other models, this observation could have considerable value for the following reasons: (i) persistence of SCVs is considered as one of the significant causes of persistence and relapses in staphylococcal infections (31) ; (ii) these variants could often be intracellular in vivo (30) and appear only poorly susceptible to antibiotics when used alone in our model (21) . One caveat of our observations, however, is that eradication might require extracellular concentrations that may not be attainable in vivo under clinically acceptable conditions. It is nevertheless pertinent that a large decrease in the intracellular inoculum was observed at lower, more physiologically relevant concentrations of rifampin and oritavancin.
The model used in the present study, however, has some features that may limit its significance. As analyzed in our previous publications (5, 14, 15) , these limitations include a lack of dynamic aspect (i.e., the antibiotics are maintained at fixed concentrations throughout the observation period), which could be important here in view of the duration of the experiments, as well as the impossibility of assessing the importance of protein binding, a point that will need careful attention for oritavancin since this antibiotic is highly protein bound (25, 32) . Our study is also limited to a single strain, preventing us from drawing general conclusions on the extent of synergy reached, which may depend on the strain, its susceptibility to antibiotics, its intracellular growth, or the metabolic defect responsible for its SCV character, as illustrated by comparing the data generated here with those obtained for two hemin-dependent SCV strains with higher levels of intracellular growth (2) .
Findings from our study provide further impetus to investigate the mechanisms that result in synergistic activity against intracellular bacteria. We may, however, speculate that the systematically favorable effects seen with oritavancin could be related (i) to its intense bactericidal effect, probably due to membrane-destabilizing properties (11, 17) that may favor access to target for other antibiotics (6) , and/or (ii) to the high concentration that oritavancin reaches in the phagolysosomes (28) where SCV strains also locate (21) . The negative effect exerted by all antistaphylococcal drugs, except oritavancin, toward rifampin when tested at high concentrations also requires further explanation. Unfortunately, we could not obtain direct information about drug stability and the absence of drug-drug interactions within macrophages during the prolonged exposure times needed to assess antibiotic activity against intracellular SCVs. However, the fact that rifampin is stable for several days at 37°C in a susceptibility testing medium (13) , the lack of specificity with respect to the pharmacochemical class of the drugs tested, and the enhancing effect of oritavancin on the activity of several of these antibiotics make interpretations based on chemical alteration or physical inactivation of the drugs unlikely.
In spite of these uncertainties, and pending additional data gathered from more pertinent models, our data highlight the interest of combining antibiotics having an appropriate pharmacokinetic/pharmacodynamic profile against S. aureus (5, 27) and showing activity against nongrowing bacteria (19, 20) to successfully control and reduce intracellular infection by SCVs. This study may trigger further evaluation of antibiotic combinations against intracellular bacteria and ultimately may help in the design of pertinent clinical trials. We are grateful to J. J. Schentag (University of Buffalo, Buffalo, NY) for valuable advice in the design of our experiments and useful discussions. M. C. Cambier and C. Misson provided dedicated technical assistance.
